In previous studies, we reported that indole-3-carbinol (I3C) and myo-inositol (MI) inhibit lung adenoma induced by tobacco smoke carcinogens in A/J mice. In this paper, we extended our work and examined the effects of I3C (70 or 30 mmol/g diet) and MI (56 mmol/g diet) against vinyl carbamate (VC)-induced lung adenocarcinoma by administering the agents from 1 week after the second of two injections of VC until termination of the study at week 18. The higher dose of I3C decreased multiplicities of tumors on the surface of the lung (26%, P 5 0.0005), carcinoma incidence (38%), multiplicity (67%, P < 0.0001) and size (complete abolition of carcinoma with an area of >1.0 cm 2 ) as well as adenoma with cellular pleomorphism (46%, P < 0.0001). The lower dose of I3C was less effective. MI decreased multiplicities of pulmonary surface tumors (20%, P 5 0.0005), adenoma with cellular pleomorphism (40%, P < 0.0001) and lung adenoma (52%, P < 0.0001) and the proportion of the biggest carcinoma (carcinoma with an area of >1.0 cm 2 , P < 0.05). Immunoblot analyses of lung tissues for potential target identification showed that I3C (70 mmol/g diet) inhibits IkappaBa degradation, nuclear factor-kappaB activation, expression of cyclooxygenase-2, phosphoAkt and fatty acid synthase (FAS) and activates caspase-3 and poly ADP ribose polymerase cleavage. The effect of MI was limited to inhibition of phospho-Akt and FAS expression. Our data show that I3C and MI inhibit lung carcinoma and provide a basis for future evaluation of these compounds in clinical trials as chemopreventive agents for current and former smokers.
Introduction
Lung cancer is the most common cancer-related death worldwide (1) . In the USA, an estimated 215 020 new cases and 161 840 deaths were expected in 2008, accounting for 15% of cancer diagnoses and 29% of all cancer deaths, respectively (2) . The 5 year survival rate of lung cancer is estimated to be 15% in USA and 10% in Europe (1), clearly indicating the need for prevention of lung cancer. One promising approach is development of effective chemopreventive agents for both current and former smokers.
Plant foods are rich in cancer preventing phytochemicals. Among the phytochemicals commonly consumed in plant foods are indole-3-carbinol (I3C), a compound found in Brassica vegetables as glucobrassicin, and myo-inositol (MI), a constituent of a wide variety of foods such as whole grains, seeds and fruit. Considerable evidence shows that I3C inhibits experimentally induced and spontaneous tumors in multiple tissues, including lung, through induction of phase I and II enzymes, inhibition of proliferation of tumor cells, induction of apoptosis in tumor cells and modulation of estrogen metabolism (3) .
Moreover, I3C inhibited breast cancer bone metastasis in severe combined immunodeficient mice (4) . Most of the biological activities of I3C are attributed to 3,3#-diindolylmethane [(DIM) (5) ], an acidcatalyzed condensation product of the parent compound formed in the acidic milieu of the stomach. DIM caused anticarcinogenic effects in animal models and inhibited cell proliferation and induced apoptosis in several cancer cell lines by modulating the expression of several signaling proteins (6) (7) (8) (9) (10) . Moreover, DIM inhibited migration in cell culture and decreased blood vessel formation in xenograft models (11, 12) . When given before chemotherapeutic drugs, DIM chemosensitized pancreatic cancer cells to these agents via suppression of drug-induced activation of nuclear factor-kappaB (NF-jB) (13) .
MI is one of the most promising dietary agents for the prevention of lung cancer. Besides its efficacy, it has negligible toxicity. MI inhibited lung tumorigenesis in A/J mice exposed to the tobacco smoke carcinogens benzo[a]pyrene, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone or a combination of the two (14) (15) (16) (17) . MI also increased the rate of regression of pre-existing dysplastic lesions in former smokers (18) . The mechanisms for the cancer preventive effects of MI are not well known, but this compound was shown to reverse cell differentiation inhibitory effects of anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (19) and inhibit Akt and extracellular signal-regulated kinase expression (20) .
In previous studies, we reported the efficacy of I3C and MI to inhibit 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone plus benzo [a]pyrene-induced lung adenoma in mice (21) (22) (23) . In the present study, we extended the earlier work to investigate inhibition of vinyl carbamate (VC)-induced lung adenocarcinoma by the chemopreventive agents. Moreover, we examined potential mechanisms for the lung cancer inhibitory activities of I3C and MI.
Materials and methods
Chemicals, reagents and diets I3C, MI and a cocktail of protease inhibitors were from Sigma (St Louis, MO). VC was purchased from Toronto Research Chemicals (Ontario, Canada). Anti-cyclooxygenase-2 (Cox-2), anti-phospho-Akt (343), anti-caspase-3, anti-poly ADP ribose polymerase (PARP), anti-b-actin and goat anti-rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-fatty acid synthase (FAS), anti-phospho NF-jB and anti-IkappaBa were from Cell Signaling Technology (Beverly, MA). Mouse diets (AIN-93G and AIN-93M) were purchased from Harlan Teklad (Madison, WI). The AIN-93G diet, high in protein and fat, was used to support rapid growth of the mice during early age, whereas AIN-93M diet, low in protein and fat, was used for maintenance.
Animal studies
Female A/J mice, 5-6 weeks of age, were obtained from The Jackson Laboratory (Bar Harbor, ME). The experimental design is shown in Figure 1 . Upon arrival, the mice were housed in the specific pathogen-free animal quarters of Research Animal Resources, at University of Minnesota Academic Health Center and maintained on AIN-93G pellet diet. One week after arrival, the mice were randomized into different groups and shifted to AIN-93G powder diet. The mice in groups 1-4 received two intraperitoneal injections of VC (0.32 mg per mouse in 0.1 ml isotonic saline) one week apart. One week after the second carcinogen dose, mice in groups 2, 3 and 4 were given AIN-93M diet supplemented with 70 lmol I3C/g diet, 30 lmol I3C/g diet or 56 lmol MI/ g diet, respectively, whereas mice in group 1 (carcinogen control) were maintained on non-supplemented AIN-93M diet. The doses of the chemopreventive agents were determined on the basis of results from our previous studies (16, 22) . The mice in group 5 were injected with the vehicle only (physiological saline) and received non-supplemented AIN-93M diet (Figure 1 ). The experiment was terminated at week 18 and lungs were removed. Surface tumors were counted under a dissecting microscope. The whole left lobe of the lung (vehicle-treated group) or the tumors microdissected thereof (carcinogentreated mice) were kept at À80°C for western immunoblotting analysis. The Abbreviations: Cox-2, cyclooxygenase-2; DIM, 3,3#-diindolylmethane; FAS, fatty acid synthase; I3C, indole-3-carbinol; MI, myo-inositol; NF-jB, nuclear factor-kappaB; PARP, poly ADP ribose polymerase; VC, vinyl carbamate.
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Histopathological analysis
Randomly selected, formalin-fixed lung tissues were processed through a series of graded alcohols, embedded in paraffin and three step sections (each 200 lm apart) having a thickness of 4 lm were cut and stained with hematoxylin and eosin. Proliferative lesions were counted in each step section and the total number of each type of lesion per mouse was expressed as an average number of each lesion per section (sum of each lesion in three step sections divided by three).
Proliferative lesions in the lungs were classified as hyperplasia, adenoma or adenocarcinoma based on recommendations published by the Mouse Models of Human Cancers Consortium (24) . The category 'adenoma with cellular pleomorphism' (also known as adenoma with dysplasia and adenoma with progression) was added based on our experience and previously published literature: an adenoma in which !10 cells are pleomorphic, characterized by large cell and/or nuclear size; increased cytoplasmic-to-nuclear ratio; prominent nucleoli; nuclear crowding and increased numbers of mitotic figures with no evidence of parenchymal invasion by pleomorphic cells (25, 26) .
To determine the size of pulmonary adenocarcinoma, first, digital images of the lesions were taken with a Spot Insight 4 digital camera attached to a Nikon Eclipse light microscope and saved as tiff files. The highest magnification that included the entire tumor in one field was used (usually with Â10 objective but Â20 or Â4 objectives were used for smaller and larger tumors, respectively). Subsequently, the tumor size was determined with the Image Pro program precalibrated to convert pixels into square microns according to magnification used for acquiring the image. In Image Pro, the tumor was outlined with a free hand drawing tool, the area was converted into a single object and the size of this object measured in square microns. These data were imported into an Excel file.
Western immunoblot analyses
Aliquots of normal lung tissues (30 mg per mouse) or microdissected tumors (30 mg per mouse) from six mice were pooled and homogenized in ice-cold lysis buffer [50 mmol/l Tris-HCl, 150 mmol/l NaCl, 1 mmol/l ethyleneglycolbis(aminoethylether)-tetraacetic acid, 1 mmol/l ethylenediaminetetraacetic acid, 20 mmol/l and 1% Triton X-100 (pH 7.4)] containing protease inhibitors [aprotinin (1 lg/ml), leupeptin (1 lg/ml), pepstatin (1 lmol/l) and phenylmethylsulfonyl fluoride (0.1 mmol/l)] and the phosphatase inhibitors Na 3 VO 4 (1 mmol/l) and NaF (1 mmol/l). After the homogenates had been centrifuged (14 000g for 25 min at 4°C), the supernatants were collected, aliquoted and stored at À80°C. For western immunoblotting, 60 lg of protein per sample were loaded onto a 4-12% Novex Tris-glycine gel (Invitrogen, Carlsbad, CA) and run for 60 min at 200 V. The proteins were then transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA) for 1 h at 30 V. Protein transfer was confirmed by staining membranes with BLOT-FastStain (Chemicon, BillErica, MA). Subsequently, membranes were blocked in 5% Blotto non-fat dry milk in Tris buffer containing 1% Tween 20 for 1 h and probed overnight with the following primary antibodies: anti-COX-2 (1:200), anti-phospho-Akt (1:100), anti-FAS (1:1000), anti-phospho NF-jB (1:1000), anti-IkappaB, (1:1000), anti-PARP (1:1000) and anti-b-actin (1:200). After incubating the membranes with a secondary antibody (goat anti-rabbit IgG; 1:10 000) for 1 h, chemiluminescent immunodetection was used. Signal was visualized by exposing membranes to HyBolt CL autoradiography film. All membranes were stripped and reprobed with anti-b-actin to check for differences in the amount of protein loaded in each lane. For each protein, at least three western assays were carried out.
Statistical analysis
The results of gross tumor counts and microscopic lesions per mouse were summarized as mean and standard deviation. The effects of the chemopreventive agents on surface tumors are shown as a percent change in tumor multiplicity in carcinogen plus I3C or MI groups relative to the group treated with carcinogen only. Statistical comparisons among the groups were done using Poisson regression, which is specific for data representing counts or number of events and can handle cases where few or no events occur. Microscopic lesions were analyzed by regression analyses after the data were adjusted for the number of sections and mice associated with each specimen. P ,0.05 was used to determine statistical significance.
Results

Effect of I3C and MI on body weight gain
Observation of the mice once a week for signs of toxicity, such as changes in fur color or texture, motor and behavioral abnormalities and palpable masses, did not reveal any of these effects. Mice in the different treatment groups had similar body weights before the beginning of dietary treatment ($16.5 g). However, the final body weights of mice given I3C at dose levels of 30 lmol/g diet and 70 lmol/g diet were reduced by 6 and 10%, respectively, compared with the body weight of mice treated with the carcinogen alone (Table I ). This effect was not due to reduced food intake since the average food consumption of mice maintained on I3C-supplemented diet was $9% higher Beginning at age 6-7 weeks, groups of female A/J mice were injected intraperitoneally with two doses of VC 1 week apart. The mice were maintained on AIN-93G diet from age 5-6 weeks until 1 week after the end of carcinogen treatment and then shifted to AIN-93M diet for the duration of the experiment. I3C or MI was added to the diet beginning 1 week after the second dose of the carcinogen. The experiment was terminated 15 weeks after the second dose of the carcinogen. b Compared with Group 1.
F. Kassie et al. than that of the group maintained on non-supplemented diet (data not shown). The body weights and food consumption of mice given MI-supplemented diet were similar to those of the group treated with VC and maintained on non-supplemented diet.
I3C and MI reduced the multiplicity of VC-induced pulmonary surface tumors As shown in Table I , mice treated with VC and fed non-supplemented diet had 42.6 ± 11.9 lung tumors per mouse. Carcinogen-treated mice given I3C at a level of 70 lmol/g diet had 31.6 ± 4.8 tumors per mouse, corresponding to a reduction by 26% (P 5 0.0003), whereas the lung tumor multiplicity of mice maintained on diet containing the lower dose of I3C (30 lmol/g diet) was similar to that of mice treated with the carcinogen alone (43.5 ± 8.1 tumors per mouse). Dietary administration of MI (56 lmol/g diet) significantly reduced VCinduced lung tumor multiplicity to 33.9 ± 6.1, corresponding to a reduction by 20% (P 5 0.0005). The multiplicity of spontaneous tumors in vehicle-treated mice was 0.1 ± 0.3 tumors per mouse, which is similar to what was reported earlier by us and others. Surface lung tumor incidence was reduced by neither of the chemopreventive agents. This was not unexpected since the most sensitive indicator in the A/J mouse lung tumorigenesis model is tumor multiplicity. Upon counting the lung tumors, the diameter of the tumors was categorized into three classes: .2 mm, 1-2 mm and ,1 mm. Most of the tumors, regardless of treatment, had a diameter of ,1 mm. In the group treated with the carcinogen only, multiplicities of lung tumors having a diameter of .2 mm, 1-2 mm and ,1 mm were 0.7 ± 0.9, 16.4 ± 8.3 and 25.4 ± 6.8 tumors permouse, respectively. The higher dose of I3C (70 lmol/g diet) decreased multiplicities of lung tumors with a diameter of .2 mm and 1-2 mm to 0.05 ± 0.08 tumors per mouse (P 5 0.017) and 2.8 ± 2.0 tumors per mouse (P , 0.001), respectively, but not the smallest tumors (28.8 ± 9 tumors per mouse, Figure 2 ). The lower dose of I3C (30 lmol/g diet) did not affect the multiplicity of any of the size categories of lung tumors. In mice given MI, only the multiplicity of lung tumors with a diameter of 1-2 mm was significantly reduced (6.7 ± 2.3 tumors per mouse, P , 0.001).
Effect of I3C and MI on incidence and multiplicity of microscopic pulmonary lesions Microscopic lesions observed in lung tissues of mice were classified as hyperplastic foci, adenoma, adenoma with cellular pleomorphism and adenocarcinoma based on established criteria (24) . Images of representative lung tissue sections showing the various microscopic lesions are depicted in Figure 3 . The incidence of pulmonary hyperplastic foci, adenoma and adenoma with cellular pleomorphism was 100% in all carcinogen-treated groups irrespective of dietary supplementation. The incidence of pulmonary adenocarcinoma was 100% in mice treated with the carcinogen alone or carcinogen plus MI but was reduced to 80 and 62% in mice given the lower and higher doses of I3C, respectively (data not shown).
As shown in Table II , multiplicities of hyperplastic foci, adenoma, adenoma with cellular pleomorphism and adenocarcinoma in mice treated with carcinogen only were 1.7 ± 1.6, 4.6 ± 2.1, 3.5 ± 1.6 and 0.6 ± 0.8, respectively. The higher dose of I3C reduced the multiplicities of adenoma with cellular pleomorphism (1.9 ± 1.5, P , 0.0001) and adenocarcinoma (0.2 ± 0.5, P 5 0.04) but not multiplicities of hyperplastic foci or adenoma. The lower dose of I3C reduced only the multiplicities of adenoma with cellular pleomorphism (2.5 ± 1.8, P , 0.0001). In mice given MI lower multiplicities of adenoma (2.2 ± 1.6, P , 0.0001) and adenoma with cellular pleomorphism (2.1 ± 1.2, P , 0.0001) were observed.
Effect of I3C and MI on the size of pulmonary adenocarcinoma Upon determining the diameter of tumors on the surface of the lung, we noticed that the frequency of larger tumors was reduced by I3C and MI. On the basis of this observation, we asked if the chemopreventive agents decreased the size of pulmonary adenocarcinoma as well. To answer this question, the total area of each adenocarcinoma lesion was measured using the Image Pro program and the size of the tumors grouped into three classes: ,0.1 cm 2 , 0.1-1. 0 cm 2 and .1.0 cm 2 . The results of this study are presented in Table III . In the group treated with carcinogen only, no carcinoma had an area ,0.1 cm 2 , whereas 22 carcinoma (63%) measured 0.1-1. 0 cm 2 and the remaining 13 carcinoma (37%) had an area of .1.0 cm 2 . In mice treated with the carcinogen and given the higher dose of I3C, 36% of the carcinoma measured ,0.1 cm 2 and the proportion of carcinoma with an area of 0.1-1. 0 cm 2 was similar to the group given carcinogen only (64%), but no carcinoma with an area .1.0 cm 2 was observed. In mice treated with VC and given the lower dose of I3C or MI, compared with the group treated with the carcinogen only, the proportion of tumors with an area of 0.1-1. 0 cm 2 was significantly increased (P , 0.05), whereas that of the biggest tumors (.1.0 cm 2 ) was significantly reduced (P , 0.05).
Inhibition of VC-induced IkappaBa degradation, NF-jB activation and Cox-2 expression by I3C and MI
The NF-jB signaling in airway epithelium is integral to mouse lung tumorigenesis induced by urethane (27) , the parent compound of VC. Therefore, we sought to determine if the lung tumor inhibitory activity of I3C and MI was related to their effect on NF-jB and related proteins. For this, tissue lysates were prepared from normal lungs (vehicle-treated group) and lung tumors (VC plus I3C, VC plus MI and VC-only-treated mice) as described in the Materials and Methods section and protein levels of IkappaBa, NF-jB and Cox-2 determined by western immunobloting. As shown in Figure 4A , both doses of I3C diminished the degradation of IkappaBa and diminished the level of activated NF-jB, probably by inducing the restoration of IkappaBa. MI did not affect the expression of either IkappaBa or NF-jB. We also examined the effects of I3C and MI on the expression of Cox-2, one of the downstream targets of NF-jB. The higher dose of I3C markedly decreased VC-induced overexpression of Cox-2, whereas the lower dose of I3C and MI caused a moderate reduction.
Inhibition of VC-induced Akt activation and FAS expression by I3C and MI
Akt plays a central role in tumorigenesis by regulating the expression of metabolic, antiapoptotic, growth stimulatory and invasion-related pathways. To investigate if I3C and MI inhibit activation of Akt, levels of phospho-Akt were analyzed in normal lungs (vehicle-treated mice) Since Akt activation regulates the expression of FAS, a multifunctional metabolic enzyme that catalyzes the terminal stages in the synthesis of long-chain fatty acids, we also examined the level of this enzyme in the same lung tissues as for the phospho-Akt assay. As shown in Figure 4B , the trend in the expression of FAS paralleled that of phospho-Akt levels, suggesting a correlation between Akt activation and FAS expression in lung tumors.
Effect of I3C and MI on apoptosis-related proteins
The expression of proteins related to apoptosis was analyzed to determine if apoptotic events are induced by I3C and MI in mouse lung tumor cells. As shown in Figure 4C , in mice treated with VC plus the higher dose of I3C, a band corresponding to cleaved caspase-3 (20 kDa) was evident, indicating caspase-3 activation concomitant with an increase in cleavage of the 116 kDa PARP to an 89 kDa fragment. The effects of the lower dose of I3C or MI on caspase-3 or PARP cleavage were minimal.
Discussion
Although cessation of cigarette smoking is the best approach to reduce lung cancer mortality, the risk of lung cancer in ex-smokers remains elevated for many years after quitting (28) . Therefore, approaches to reduce lung cancer in this high-risk population are urgently required. Several previous preclinical studies have investigated the ability of I3C and MI to inhibit experimentally induced lung tumorigenesis (14) (15) (16) (17) (21) (22) (23) (29) (30) (31) . However, almost all of these studies were terminated at the adenoma stage and it was not clear if the compound inhibits the development of pulmonary adenocarcinoma. Moreover, with the exception of one report (22) , none of the studies assessed the effect of I3C when given during the post-carcinogen treatment phase. In the present study, the chemopreventive agents were administered beginning one week after the second injection of VC and continued until week 18 of the experiment, the time period at which some of the adenoma progress into adenocarcinoma. We demonstrated that I3C reduces the multiplicity and size of pulmonary surface tumors and the incidence, multiplicity and size of pulmonary adenocarcinoma, whereas MI decreases the multiplicity and size of surface tumors and the size of adenocarcinoma. We also showed that dietary administration of I3C reduced the levels of phospho-NF-jB, Cox-2, phospho-Akt and FAS but increased proteolytic cleavage of caspase-3 and PARP in lung tumor tissues; the effect of MI was limited to modulation of phospho-Akt and FAS expression. Classification of pulmonary surface tumors into different size categories showed that the lower multiplicity of tumors in mice given carcinogen plus I3C (70 lmol/g diet) was due to substantial reduction in the number of larger tumors. Histopathological analysis of the tumors also revealed that I3C decreased multiplicities of adenoma with cellular pleomorphism and adenocarcinoma but not hyperplastic foci or adenoma. Furthermore, adenocarcinoma lesions measuring .1 cm 2 were completely abolished. Collectively, the macroscopic and microscopic findings suggest that I3C selectively affects more advanced tumors, probably due to the higher rate of cell proliferation in these lesions. In an earlier study, Lu et al. (32) showed that the rate of cell proliferation is higher in mouse pulmonary adenocarcinoma than in adenoma and chemopreventive agents reduced the cell proliferation index in adenocarcinoma but not in adenoma. The selective effect of I3C on bigger tumors is potentially very important since tumor size is a key determinant of the survival of lung cancer patients (33, 34) . MI was less effective than the higher dose of I3C in reducing the multiplicity of larger pulmonary surface tumors and did not reduce multiplicities of adenocarcinoma but significantly reduced multiplicities of adenoma and adenoma with cellular pleomorphism and decreased the size of adenocarcinoma. These results indicate that once the tumors develop into more advanced forms, MI does not cause them to regress but inhibits only their further growth. Earlier studies on the effect of MI on pulmonary adenocarcinoma formation showed that the chemopreventive efficacy of the compound depends on when it is administered. Estensen et al. (26) reported that MI failed to prevent carcinoma or adenoma with progression when added to the diet 12 weeks after treatment with benzo[a]pyrene. Similar results were obtained when MI was given 10 weeks after exposure to VC (35) . On the other hand, in the latter study, the multiplicity of adenocarcinoma was reduced from 0.67 ± 0.29 to 0.10 ± 0.10 when MI was given in the diet beginning one week before the carcinogen. In general, our results as well as those of others indicate that MI is more effective toward less-advanced lung lesions and for maximal effects, administration should begin during carcinogen exposure or immediately thereafter.
The mechanisms through which I3C suppresses tumorigenesis have been extensively investigated in cell culture models and include inhibition of cell proliferation and induction of apoptosis via modulation of the Akt-NF-jB-signaling pathway, caspase activation, cyclin-dependent kinase activities, estrogen receptor signaling and endoplasmic reticulum stress (3). On the other hand, the mode of chemopreventive activity of MI is largely unknown. To better understand the molecular effects of I3C and MI in mouse lung tumors, we examined the effects of I3C and MI on key proteins involved in NF-jB, Akt and apoptosis pathways. NF-jB is present in the cytoplasm in an inactive form as a heterotrimer consisting of p50, p65 and IkappaBa subunits. Proteolytic degradation of IkappaBa by IkappaB kinase leads to activation and nuclear translocation of NF-jB. Activation of the NF-jB pathway leads to upregulation of several genes involved in tumor initiation, promotion and progression (36) , including Cox-2, which has an NF-jB-binding site on its promoter and is implicated in angiogenesis, tumor invasion, resistance to apoptosis To determine the size of pulmonary adenocarcinoma, digital images of the lesions were taken with a Spot Insight 4 digital camera attached to a Nikon Eclipse light microscope and saved as tiff files. Subsequently, the tumor size was determined with the Image Pro program precalibrated to convert pixels into square microns according to magnification used for acquiring the image. In Image Pro, the tumor was outlined with a free hand drawing tool and the area was converted into a single object and the size of this object measured in square centimeter.
Inhibition of VC-induced pulmonary adenocarcinoma by I3C and MI in A/J mice and suppression of antitumor immunity (37) . In the present study, we showed that I3C is an effective inhibitor of NF-jB activation and suppressor of Cox-2 expression, indicating the promise of this agent as a chemopreventive agent against lung cancer. Indeed, earlier studies in in vitro models demonstrated suppression of constitutive and induced NF-jB activation and NF-jB-regulated genes by I3C in breast, prostate and blood cancer cells (38) (39) (40) . Phospho-Akt is another potentially important target for the chemoprevention of lung cancer since it is frequently overexpressed in non-small cell carcinoma and preneoplastic bronchial lesions (41) . Phospho-Akt plays a prominent role in several processes thought to be critical in lung tumorigenesis, including increased cell proliferation, inhibition of programmed cell death, telomerase activation and promotion of angiogenesis and tumor cell invasiveness (42) . Activation of Akt is molecularly linked to overexpression of FAS (43) , a key metabolic enzyme that catalyzes the synthesis of long-chain fatty acids and is highly expressed in preneoplastic and neoplastic lung lesions (44, 45) . Recently, FAS has been shown to be an oncogene and its oncogenic effect is mediated through inhibition of the intrinsic pathway of apoptosis (46) . The suppression of phospho-Akt and FAS levels by both I3C and MI in the present study could explain, at least partly, the reduction in the size of tumors. In our earlier study, we observed that I3C and MI downregulate phospho-Akt and FAS in lung tissues of A/J mice treated with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone plus benzo[a]pyrene (21) (22) (23) . The present findings together with our previous reports indicate that phospho-Akt and FAS are important targets for the chemopreventive effect of I3C and MI. However, the molecular mechanisms behind this effect need further investigation. Also, the potential synergy of I3C and MI in inhibiting phospho-Akt and FAS expression is an interesting research area.
A hallmark of the apoptotic process is the cleavage of PARP, an enzyme implicated in DNA damage and repair mechanisms. In the present study, the higher dose of I3C markedly activated caspase-3, the executioner caspase that catalyzes the specific cleavage of PARP, and PARP, suggesting that apoptosis is the link between the chemopreventive role of I3C and the reduction in the multiplicity of carcinoma in VC plus I3C-treated mice. Moreover, blocking of Akt and NF-jB activation has been shown to play a role in I3C-induced apoptosis (4, 47) .
In summary, we showed here that both I3C and MI inhibit the development of VC-induced pulmonary adenocarcinoma in A/J mice, but the effects of I3C were markedly stronger than that of MI. The higher efficacy of I3C against pulmonary adenocarcinoma is in line with the many available reports in which I3C or its metabolite DIM showed preventive/therapeutic effects against late stages of carcinogenesis (inhibition of tumor invasion and angiogenesis and inhibition of proliferation and induction of apoptosis in cancer cells). On the other hand, MI failed to alter viability or proliferation of cancer cells (19) but showed remarkable preventive effects during the early stage of lung carcinogenesis (14) (15) (16) (17) (18) . These results imply that, for the design of human lung cancer prevention clinical trials, I3C could be used for the chemoprevention of early and advanced pulmonary lesions, but the use of MI should be limited to chemoprevention of early pulmonary lesions. An interesting question would be the potential synergy in the chemopreventive effect of I3C and MI. Currently, we are trying to address this issue.
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